We measured the lengths of some parts of the right and left hemispheres (HEs) in 70 formalin-fixed brains and on 15 computed tomography/magnetic resonance imaging (CT/MRI) images (7 left-handed and 8 right-handed cases) to clarify the morphological changes indicating which HE developed earlier and handedness. In many cases of the fixed brains, 1) the distance from the frontal pole to the occipital pole was longer in the left HE than in the right HE, 2) the distance from the middle plane to the lateral-most portion of the HE was wider in the right HE than in the left HE, 3) the left occipital pole elongated more posteriorly and covered the right occipital pole, and 4) the volume of each HE was nearly the same. The results indicate that the left HE develops and grows slightly earlier in the larger semi-cranium (half of the cranium) than the right HE which develops later in the smaller semi-cranium. The whole brain was more spherical in the female cases than in the male cases. The morphological changes in both HEs for handedness were not evident on the CT/ MRI images.
Introduction
The Cro-Magnon man known as the ancestor of modern humans drew much more the left-negative hands than the right-negative hands on the wall of the caves in Lascaux, Southern France 1) and Patagonia around Argentina and Chile 2) . This suggests that a large number of the men used mainly the right hand. Hippocrates first described that the somatic motor center controls the contrary side of the body (quoted from Kertesz and Geschwind 3) ). About 85% of the fiber system (i.e., pyramidal tract) descending through the brainstem crossed first on the left side to the contralateral spinal cord 4) . For right-handedness, most fibers from the left cerebral motor area first crossed contralaterally to form the pyramidal decussation in the newborn and infant 4) . In the medulla of the newborn and fetus, it has been reported that the decussation of the left pyramid was rostral to that of the right pyramid in 82% of the 158 studied cases 3) . More than 90% of all people without relating to sex had the somatic motor center on the left hemisphere 5) . In an ultrasonography study of fetuses 6) , the rate of right thumb-sucking versus left thumb-sucking was more than 90%, which is approximately the same as the generally accepted rate of right-handedness to left-handedness in adults. For the motor speech center in the 44 area of Brodmann, the cell density appeared significantly higher on the left side than on the right side in both sexes 7) . This incidence of left hemisphere dominance matches the frequency of left-sided speech dominance in about 95% of the general population 5, 8−11) . Even in a left-hander, the speech center is shown to be approximately 62% in the left hemisphere and only 19% in the right hemisphere 12) . This indicates that the speech center is far more dominant in the left hemisphere than in the right hemisphere without relating to handedness.
From these functional and morphological findings, it can be speculated that the left hemisphere develops earlier than the right hemisphere. However, it remains unclear morphologically which hemisphere develops earlier.
To confirm this speculation, the morphological changes between the right and left hemispheres were observed in formalin-fixed brains and on computed tomography/magnetic resonance imaging (CT/MRI) images. Moreover, the morphological specificity between both hemispheres for handedness was discussed in reference to the fixed brains and CT/MRI images.
Materials and Methods
All protocols for the fixed brains were carried out in accordance with the Japanese Anatomy and Association Criteria, in which the use of cadavers left to medicine for the purposes of scientific research is permitted. Also, permission to use the previously obtained CT/MRI images was obtained from the persons concerned.
From the randomly selected 70 brains (36 male cases and 34 female cases) from the cadavers fixed with a 10% formalin solution, those with noticeable brain lesions caused by some diseases and deformations caused by fixation were not examined. The age of the subjects ranged from 67 to 96 years (average: AV ± standard deviation: SD, 82.9 ± 7.6) in the male cases, and from 55 to 101 years (AV ± SD, 83.6 ± 9.7) in the female cases. Unfortunately, the distinction of handedness was not recorded in these cadavers. To calculate the lengths of some parts of each hemisphere, the brains were resected transversely at the level of the rostral midbrain, and then the cerebral hemispheres were separated after cutting vertically the brainstem through the optic chiasma, cerebral aqueduct, and corpus callosum along the longitudinal cerebral fissure between the bilateral frontal lobes with a knife. Before separating the hemisphere, the width of the whole brain from the lateral-most portion (Lm) of the left hemisphere to the Lm of the right hemisphere (L-L) was measured in 31 male cases and 21 female cases. Each separated hemisphere was weighed and the distance between several limited portions of each hemisphere was measured. To measure the distances, two horizontal planes were set, that is, the ventral surface of the temporal-occipital lobe as T-OH and the horizontal plane passing through the anterior and posterior commissures as AC-PCH. AC-PCH is generally used for CT/MRI.
Using the 15 CT/MRI images from left-handers (male cases = 6, female cases = 1) and right-handers (male cases = 3, female cases = 5), the AC-PC and the M-L on the AC-PCH were also measured. Handedness was determined using the Edinburgh Inventory by Oldfield 13) .
Results
From our examinations, we could clearly identify the morphological changes of some parts of the bilateral hemispheres in the following representative brain #66 (female case: 84 years old) (Fig. 1) .
On the ventral view of the whole brain (Fig. 1A) , the longitudinal cerebral fissure (LCF) was situated along the middle plane (M-P) between the bilateral frontal lobes as in the dorsal view (Fig. 1B) , but curved convexly toward the left side between the bilateral temporal-occipital lobes because of the right medial part of the temporal-occipital lobe contralaterally protruding (TOCP) to the left side. Thus, the left TOCP having a longer A-P appears to cover the right occipital pole (OP).
On the dorsal view of the whole brain (Fig. 1B) , each frontal pole (FP) was located roughly on the same frontal plane (F-P), and the M-P was roughly parallel to the LCF between the bilateral frontal lobes. The L-L, that is, the largest width of the whole brain, was 124.9 mm. The distance (A-P) from the FP to the OP was longer by 9.2 mm in the left hemisphere (157.0 mm) than in the right hemisphere (147.8 mm). Because the left A-P was longer, the LCF between the bilateral temporal-occipital lobes curved toward the right side and was not parallel to the M-P (refer also to the LCF in Fig. 1A ). The Lm was situated on the dorsal-posterior portion of the superior temporal gyrus ventral to the level of the ascending occipital ramus (AOR) bifurcating from the lateral sulcus (LS) (see also the Lm indicated by the circle in Fig. 1C ). The distance (M-L) from the M-P to the Lm was 2.9 mm longer on the right (63.9 mm) than on the left (61.0 mm). The distance (Am) from the F-P to the Lm was 9.3 mm longer on the left side (86.1 mm) than on the right side (76.8 mm). However, each Am was situated more posterior to the middle point of the corresponding A-P.
The DPPO (shaded part), which was the medial part of the left parietal-occipital lobe protruding dorsal-ward from the right, showed a width of 1.1 cm 2 (Fig. 1C) . The Lm with a circle was situated on the lateral-most portion of the posterior-dorsal part of the superior temporal gyrus at the level of the starting point of the AOR of the LS, which was the weakest-resistant portion of the hemisphere and protruded most laterally by pressing threedimensionally from the semi-cranium.
Overall, although there appears to be no great difference in the calculated number for some parts between the bilateral hemispheres, we can recognize clearly the changes by the naked eyes.
Referring to the above-mentioned figures of brain #66, the measured numbers for various parts of the hemispheres were observed in all fixed brains and on CT/MRI images as follows.
1) The L-L from the Lm of the left hemisphere to that of the right hemisphere on the whole brain was measured in the male (n = 32) and female (n = 20) cases. The average number of the L-L was 2.4 mm longer in the male cases than in the female cases (Table 1) .
2) As the specific gravity is the same between the bilateral hemispheres, the number for the volume was the same as that for the weight between the bilateral hemispheres. In both sexes, the weight (volume) of the hemisphere was nearly equal between the right side and the left side. The average number of the weight (volume) of the male cases was 35 g (35 mL) larger than that of the female cases (Table 2) .
3) On the T-OH, the A-P from the FP to the OP was longer in 71.4% of all cases on the left, whereas the A-P was longer in 28.5% of all cases on the right. In the male cases, the left A-P was longer in 69.4% and the right A-P was longer in 30.6%. In the female cases, the left A-P was longer in 73.5% and the right A-P was longer in 26.5%. The average number of A-P of each hemisphere was longer in the male cases than in the female cases (Table 3) . 4) On the T-OH, the M-L from the M-P to the Lm was longer in 65.7% on the right, and in 31.4% on the left, and equal in 2.9% of all cases. In the male cases, the right M-L was longer in 69.4%, shorter in 27.8%, and equal in 2.8% of all cases. In the female cases, the right M-L was longer in 61.8%, shorter in 35.3%, and equal in 2.9% of cases. The average number of M-L on each hemisphere was longer in the male cases than in the female cases (Table 4) . 5) In all cases, the Am from the FP to the Lm on the TOH was slightly posterior to the middle point of the A-P (refer to Table 9 ), but was not different on both sides, although the A-P was longer on the left side than on the right side (Table 5 ).
6) In many cases, the distance (AC-PC) from the most anterior portion (RP) of the frontal lobe to the most posterior portion (CP) of the occipital lobe on the AC-PCH was longer on the left side than on the right side as in the case for the A-P. The AC-PCs were longer in 55.7% on the left side and in 25.7% on the right side, and equal in 18.7% between the right and left sides. In the male cases, the AC-PC was longer in 55.6% on the left side and in 13.9% on the right side, and equal in 30.6% between the right and left sides. In the female cases, the AC-PC was longer in 55.9% on the left side and in 35.3% on the right side, and equal in 8.8% between both sides (Table  6) . Compared with the A-P, the difference in the AC-PC between the right and left sides was not remarkable.
7) In all cases, because of the numbers showing plus, the AC-PC was longer than the A-P between the right and left sides (Table 7) . 8) In many cases, the ratios of the longer A-P to the L-L (L-L/A-P) and the ratios of the longer AC-PC to the L-L (L-L/AC-PC) were smaller than 1 (Table 8 ). This means that both the A-P and the AC-PC were longer than the L-L. The ratios of L-L/A-P and L-L/AC-PC were larger in the female cases than in the male cases. This Table 4 . M-L of each side on T-OH and percentages of L > R, L = R, and L < R. M-L: Distance from the M-P to the Lm on the T-OP, M-P: Middle plane of the hemisphere. Table 5 . Am of each side on T-OH and percentages of L > R, L = R, and L < R. Am: Distance from the F-P to the Lm on the T-OP. F-P: Frontal plane. Table 3 . A-P of each side on T-OH and percentages of L > R, L = R, and L < R. A-P: Distance from the frontal pole (FP) to the occipital pole (OP), L > R, L = R, and L < R: Percentages of the A-P being longer on the left side than on the right, equal between both sides, and shorter on the left side than on the right side, respectively, which were also used in other tables.
means that the shape of the whole brain in the female cases is nearly spherical but that in the male cases is nearly oval. 9) In all cases, the Am was slightly posterior to the middle point of the A-P and therefore the ratio of the A-P to the Am was longer than 0.5 on each side (Table 9) . Because each semi-cranium was composed of a harder frontal bone and a softer temporal-occipital bone, the weakest point of the hemisphere (i.e., Lm) moved slightly posterior from the middle point of the A-P. As a result, the dorsal view of the whole brain showed a piriform shape (see Fig. 1B ).
10) and 11) On the CT/MRI images, the ratio of the left AC-PC to that of the right AC-PC was smaller on the left side than on the right not only in the left-handers but also in the right-handers (Table 10 ). The ratio of the left M-L to that of the right M-L was larger on the right side than on the left side not only in the left-handers but also in the right-handers (Table 11 ). In many right-handers and left-handers, the AC-PC and M-L were longer and wider on the left side and on the right side, respectively. These results from the CT/MRI images showed that morphological specificities were not seen for handedness on the AC-PC and M-L.
Discussion
It is obviously true that the left hemisphere has an overwhelming dominance for the functional centers of speech and handedness from a fetus to an adult 4, 5−11) . From this, we can speculate that the left hemisphere develops earlier than the right hemisphere. To resolve this speculation, the following 4 important points (1−4) and asymmetry between the right and left hemispheres for handedness (5) were discussed in the present study.
Ossification of the semi-cranium and direction of the hemisphere developing in each semi-cranium
The semi-cranium is half of the cranium partitioned by the falx cerebri, which is composed of the frontal and parietal-occipital bones and the falx cerebri. The frontal bone and parietal-occipital bones originate from the endochondral (or chondrocranium) and intramembranous (or membranocranium) areas during the early stage of de- Table 9 . Ratios of A-P to Am (Am/A-P) on each side. Table 6 . AC-PC of each side on AC-PCH and percentages of L > R, L = R, and L < R. velopment, respectively. The frontal bone starts to ossify earlier and becomes harder than the parietal-occipital bones 14) . When the intracranial contents (i.e., bilateral hemispheres) increased, the cranial vault became larger and more globular 15) . Further growth of the semi-cranium is affected directly by the expansion of each hemisphere 16, 17) . This indicates that the hemispheres continue to grow with pressure exerted on the semi-cranium according to the principle of action and reaction from the Newton's third law and according to the principle of Pascal for a fluid brain. Therefore, each hemisphere (telencephalon) starts to develop three-dimensionally around the lamina terminalis and grows slightly anterior toward the cartilaginous (or harder) frontal bone, but more extensively posterior toward the membranous (or softer) parietal-occipital bone. Because the frontal bone is harder, major changes in the hemisphere appear in the posterior space of the semi-cranium, for instance, the right TOCP protruding medial-ward over the M-P (Fig. 1A) and the left DPPO protruding medial-ward over the M-P (Fig. 1B) .
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Formation of the Lm and Am
The Lm was situated on the lateral-most portion of the posterior-dorsal part of the superior temporal gyrus at the level of the starting point of the AOR of the LS, which was the weakest-resistant portion of the hemisphere and protruded by pressing three-dimensionally from the semi-cranium (refer to Lm in Fig. 1C ). Because the frontal bone was harder than the temporal-occipital bone, the Lm shifted slightly posterior to the central point of the A-P, and therefore the Am (i.e., the distance from the frontal pole to the Lm) elongated more posterior to the middle point of the A-P. As a result, the development of the whole brain from the dorsal view appears like a piriform (refer to Fig. 1B ) and the skull (refer to Fig.  1-1B) 18) . Incidentally, the Lm and Am were first described in the present study.
Many cases assessed using CT showed that the mediallateral width (M-L) of the hemisphere was longer on the right side than on the left side, and that of the occipital lobe was longer on the left side than on the right side 7, 19−22) . Such results generally coincided with our results in the fixed brains and on the CT/MRI images. Although each hemisphere develops in the same space of each semi-cranium, in many cases the left A-P and the right M-L became longer. This finding may show that the earlier-developed left hemisphere pressed forward the occipital pole of the later-developed right hemisphere.
The first-appearing sulcus
The sulcus is first developed on the weakest-resistant portion of the hemisphere, which receives the strongest three-dimensional pressure from the semi-cranium. If the semi-cranium for the hemisphere that develops later becomes smaller, the pressure might increase in the semi-cranium. If the right hemisphere develops later than the left hemisphere, a certain sulcus should appear first on the right hemisphere which develops later. For instance, this central sulcus appeared about 4 months after gestation on the right side and 6 months after gestation on the left side 22) . The central sulcus of the right hemisphere reportedly extended earlier almost to the dorsal border by 6 months 7) . The more prominent and typical lunate sulcus appeared earlier on the right side, and the posterior calcarine is forked caudally before branching on the left side 7) . The parieto-occipital and calcarine sulci appeared about 4 months after gestation on the right side and 6 months after gestation on the left side (refer to AOR and LS in Fig. 1C) 23) . The AOR diverging from the most posterior portion of the LS appeared earlier at least 16 weeks after gestation on the right side than on the left side 23−25) . The right planum temporale and the left planum temporale can be observed in 7-to 10-week-old embryos and in embryonic week 3, respectively 26) ; in young children, the right planum temporale is dominant 27) . The reason for the planum temporale appearing earlier on the right side is that the sulcus circumscribing the most anterior part of the planum temporale appears first on the right side. Taken together, these findings show that the left hemisphere develops earlier than the right hemisphere.
Asymmetry of the A-P and M-L
In 11 brains from newborns and children, the left A-P and right A-P were longer in 7 (64%) and 3 (27%) 23) cases, respectively. In 44 brains from newborns and children, the left A-P and right A-P were longer in 19 (49%) and 8 (16%) cases, respectively, and the A-P of each hemisphere was the same in 17 (36%) 20) cases. The ratio of the left A-P to the right A-P was 2.4 times in the former cases 23) and 2.5 times in the latter cases 20) , and 2.5 times in adults in the present study. Although the ages were different, these results showed that the left A-P was over 2 times longer than the right A-P. It was reported that the major difference between both A-Ps depends on the anterior-posterior length of the temporal-parietal lobe 28) ; however, the frontal lobe appears to affect the occipital asymmetry because the dorsal top of the central sulcus (DT) of the left side moved more posterior than the right side in the present study (refer to DT in Fig. 1B) . Furthermore, the finding of a longer left hemisphere is supported by the fact that the left LS is on the average longer than the right LS 19, 29) , and that the AOR diverges dorsally from the LS with an easier grade on the left than on the right 19, 24, 25, 29−31) . The main flow of the superior sagittal sinus into the right transverse sinus was noted in 61% of 111 carotid angiograms, and that into the left transverse sinus was noted in only 12.6% 32) . This means that the right temporal-occipital lobe grew more widely, that is, the right M-L grew more widely in combination with the left A-P being longer, which pushes the falx cerebri and superior cerebral fissure, which concaved toward the left side by the stronger pressure from the posterior part of the right temporal-occipital lobe (refer to TOCP in Fig. 1A) . As a result, the longer A-P of the left hemisphere covers the right occipital pole. This indicates that the left hemisphere might develop earlier than the right hemisphere in each semi-cranium.
In the present study, the A-P and M-L were longer in more than 70% on the left side than on the right side, and in more than 65% on the right side than on the left side, respectively. The percentage of the left A-P being longer and the right M-L being longer with the left A-P being shorter was nearly the same as that of the left hemisphere for the somatic motor center, and handedness was dominant in over 90% of the general population. Our morphological evidence regarding the earlier development of the left hemisphere might support the left hemisphere dominance for the speech center and right-handedness.
On handedness
In a large number of the MRI images for the righthanders 19) , the AC-PC was longer on the left side than on the right side, and the M-L was longer on the right side than on the left side. In many cases of computerized transaxial tomography studies of the skull for righthandedness 20, 32) , the left occipital bone was found to protrude most often backward compared with the right occipital bone. Since the shape of the skull also appears to be related to that of the hemisphere 20, 25, 33−35) , such asymmetry adapted to the hemisphere shape. Furthermore CT scans 7) have shown that the A-P was longer on the left side than on the right in right-handed male cases, and that the A-P was longer on the right side in left-handed female cases. These findings were closely similar to our findings in the fixed brains, although there was no description for sex difference. However, these findings did not show the characteristics for right-handedness, because the ratio of the A-P being longer on the left side and the ratio of the M-L being longer on the right side were not more than 90%, which is the value that indicates left-hemisphere dominance for not only right-handedness but also the speech center in the general population. On the other hand, in left-handedness and ambidextrous individuals, the occipital regions are more often equal in the A-P 20) . These findings for left-handedness did not indicate contrary figures for right-handedness.
The present CT/MRI showed that many of the lefthanders had a longer AC-PC on the left side than on the right side, and that many of the right-handers had a longer M-L on the right side than on the left side. Therefore, it appears that there is not much difference between the bilateral AC-PCs and M-Ls for handedness. Compared with the fixed brains, the anterior-posterior length and the width on 16 CT/MRI images were relatively shorter. This shows that the living brain is fluid and therefore extends posteriorly and laterally in the semi-cranium during the process of taking an image. The specificity for lefthandedness in the present study was not shown on the A-P and M-L because cases of the A-P being longer in the left hemisphere and cases of the M-L being wider in the right hemisphere in the fixed brains were quite similar to those on the images for left-handedness.
In reference to a neuroimaging study on brain asymmetries in situs inversus totalis in which the speech the horizontal planes of the whole brains appear to show an oval shape and a sphere shape, respectively. The outlines of the coronal sections of A and B appeared to have an oval shape and a sphere shape, respectively. Other abbreviations were as described in the text and in the list of abbreviations below.
centers were located more on the right side than on the left side 36) , we thought that the earlier development of the left hemisphere than the right hemisphere was due to the larger volume of blood from the arcus aortae being supplied to the left hemisphere than to the right hemisphere during the early developmental stage.
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